ABSTRACT The attachment strength of sessile intertidal organisms is continuously challenged by the hydrodynamic forces generated by breaking waves This study explores mechanisn~s by whlch the attachment strength, or tenacity, can vary for one of the dominant competitors for space In t h~s environment, the manne mussel Tenaclty was measuled for 2 CO-ex~sting mussel species, Mytllus cahfornlanus and A4ytllus trossulus, elther solitary or wlthln a bed (= bed mussels) The tenacity of A4 cahfornlanus was h~g h e r than A4 trossulus, due to increased byssal thread thickness, and the tenacity of solltary mussels was higher than bed mussels, due to the presence of more byssal threads per mussel These tenacity measurements were coupled \ n t h modeled hydrodynamic forces to p r e d~c t the probab~lity of dislodgment due to xvave action For a glven water velocity, the predicted probability of dislodgment of M callfolnlanus was lower than that of M trossulus because the latter produces relatively thinner threads ( r e d u c~n g tenacity) and a relatively more volum~nous shell (lncreaslng hydrodynalnic loadlng) Compared to solitary mussels, bed mussels had a lower probability of dislodgment for a given water velocity (despite the11 lower tenacity) because the\! are subjected to relatively s m a l l e~ hydrodynamic forces These predictions are consistent w~t h f~e l d observations that mussels typ~cally form dense aggregations and that M trossulus rarely ~n h a b i t s highly wave-exposed shores
INTRODUCTION
The survival of sessile intertidal organisms is In part dependent on their ability to withstand the hydrodynamic forces associated with wave action. In extreme wave-exposed habitats, breaking waves generate water velocities in excess of 15 m ss1 and accelerations of 400 m s-2 (Jones & Demetropoulos 1968 , Denny 1985 , 1988 , Bell & Denny 1994 , Gaylord 1997 . Such water motion can In turn generate large hydrodynamic forces that can challenge the attachment strength of sessile organisms (e.g. Denny et al. 1985 , Denny 1987 , 1995 , Carrington 1990 , Gaylord et al. 1994 , Gaylord 1997 .
Mussels are one of the dominant competitors for space in this mechanically stressful rocky Intertidal 'Present address: Department of Blologlcal Sciences, Univers~ty of Rhode Island, Kingston, Rhode Island 02881, USA E-mail bell@uriacc uri.edu environment (e.g. Paine 1974 , 1976 , Suchanek 1978 , Seed & Suchanek 1992 , and one key aspect of their success is their ability to maintain a secure attachment to the substrate. Attachment is achieved by means of a byssus, which is an extracellular, collagenous secretion of the foot. As originally described by Brown (1952) , the byssus is composed of 3 distlnct parts: (1) the root, which is embedded in the basal region of the foot and is ultimately linked to the byssus retractor muscles, (2) the stem, which extends ventrally from the root and supports each byssal thread, and (3) the byssal threads, which extend from the stem in many directions, each attaching to the substrate by means of an adheslve plaque.
Numerous studies have identified factors that influence the byssal attachment strength of mussels. Attachment strength, or tenacity, often differs between CO-existing specles that are in direct competition for space. For example, Mytilus californianus has a stronger attachment than M. edulis (Harger 1970 , Witman & Suchanek 1984 . Note that M. edulis was likely M. galloprovincialis in the former study, and M. trossulus in the latter (MacDonald & Koehn 1988) . The attachment strength of M. galloprovincialisis also stronger than M. edulis (Gardner & Skibinski 1991 , Willis & Skibinski 1992 . Within a species, attachment strength has also been shown to increase with proximity to the mussel bed margin (Witman & Suchanek 1984) and increased wave exposure [both geographically (Witman & Suchanek 1984) , and seasonally (Price 1980 (Price , 1982 ).
In each of the above studies, the mechanism(s) controlling the variability of byssal attachment strength is unclear. One purpose of this study is to identify the location of mechanical failure of mussel byssus in situ. If mechanical failure typically occurs at the stem or root (as opposed to the threads), then variation in the strength of the byssal threads themselves would have no bearing on mussel tenacity. If, however, byssal threads are typically the weak link in the attachment system, then there a r e 3 potential mechanisms by which tenacity can be increased: (1) increasing the number of threads, (2) increasing the thickness of the threads, and (3) Increasing the strength of the thread material. The first 2 of these mechanisms involve increasing the cross-sectional area over which an applied load is distributed, while the third mechanism involves a n alteration of byssal thread material properties.
There is considerable evidence from laboratory studies that byssal thread production is dependent on a number of environmental cues, such as flow, salinity, a n d temperature (Van Winkle 1970 , Allen et al. 1976 , Lee e t al. 1990 , Seed & Suchanek 1992 , Dolmer & Svane 1994 . Thread number therefore seems a likely mechanism for increased tenacity, but the number of threads comprising byssal attachments in situ have not been documented. Byssal thread thickness varies with species (Bell & Gosline 1996) , but its role as a potential mechanism for increased mussel tenacity has been unexplored. The material properties of byssal threads produced by different mussel species have been detailed by Bell & Gosline (1996) and indicate that, in comparison to Mytilus trossulus, M. edulis, and M. galloprovincialis, the threads of M. californianus extend further before breaking. The more extensible threads of M californianus consequently provide a mechanism by which overall attachment strength is increased by 8 to 17 % relative to the other species. Thus while all 3 of the potential mechanisms for increasing mussel tenacity a r e viable, it is not clear whlch, if any, of these mechanisms are important in determining the attachment strength of mussels in the field.
The survival of a mussel in the wave-swept environment is not only dependent on its tenacity, but also on the magnitude of the hydrodynamic forces it encounters. Such hydrodynamic forces are largely determined by the size of the mussel and the flow regime to which it is exposed , Denny 1988 , 1995 . The force breaking waves impose on solitary mussels, which is primarily the 'in-line' force of drag and acceleration (Gaylord et al. 1994) , is not necessarily of similar magnitude to that on mussels in a bed, which is primarily a lift force directed perpendicular to the substrate (Denny 1987) . The relationship of tenacity to the hydrodynamic forces generated in these different flow regimes ultimately determines the ability of a mussel to survive in the wave-swept environment.
This study measures the tenacity of 2 CO-existing mussel species, Mytilus californianus and M. trossulus, of both solitary individuals and those within a bed (= bed mussels). At the same study site, tenacity differs between species, and between solitary and bed mussels. The mechanisms accounting for this variation in tenacity are explored. By coupling tenacity measurements wlth predicted hydrodynamic forces, the probability of dislodgment for a given flow is predicted to be higher for M. trossulus than M. californianus. These results are consistent with the observation that M. californianus is the dominant competitor for space in the rocky intertidal zone, while M. trossulus is a shorterlived fugitive species. Further, dislodgment is predicted to be higher for solitary mussels than bed mussels, suggesting that aggregative behavior is a means of increasing survivorship in the wave-swept environment.
MATERIALS AND METHODS
Mussel tenacity. Tenacity, or attachment strength, was measured for 2 mussel species, Mytilus californianus and Mytilus trossulus, on a moderately exposed granitic shore of Ross Islets in Barkley Sound, British Columbia, Canada (48" 50' N, 125" 08' W) in May and June 1993. The study site supported a healthy population of both species and represents a 'common garden' in that both species were exposed to the same largescale abiotic factors. Most mussels were within a bed, but solitary individuals were not uncommon.
The method of Denny (1987) was used to measure mussel tenacity. A recording spring scale was implemented with a hook that was threaded through a small hole drilled through the posterior end of the shell. The scale was lifted normal to the substrate until dislodgment occurred (after 1 to 2 S). This dislodgment force (in N) was recorded, a.s were maximum shell length (anterior-posterior), height (dorsal-ventral), and width (lateral), all measured with vernier calipers (+l mm). Shell planform area (Apl, in m2) was approximated as a n ellipse with shell height and width as major and minor axes, respectively. Tenacity (N m-') was calculated as the dislodgment force divided by A,,. Note that although tenacity has the units of strength ( N m-'), it should not be interpreted a s a material property (sensu Wainwright et al. 1976 ), but rather, as a sizeindependent attachment force. Furthermore, A,, was selected as a characteristic index of mussel size for the tenacity calculations and does not necessarily reflect the area over which wave forces are typically applied.
Sample size was 137 to 140 for each of 4 categories (2 species X 2 positions): solitary Mytilus californianus, solitary Ad, trossulus, bed M. californianus, and bed M. trossulus. Individuals were selected haphazardly, and samples of bed n~ussels were spaced far enough apart (-40 cm) so that they were unaffected by previous tenac~ty measurements. The anterior-posterior axis was typically oriented parallel to the substrate for solitary mussels and perpendicular to the substrate for bed mussels.
For each dislodged individual, the number of threads in the byssus was approximated (to the nearest 10) and the location of failure was determined (i.e. root, byssal threads, and/or substrate) It proved difficult to discriminate between failure occurring in the plaque adhesive or the thin layer of substrate to which the plaque adhered. Thus substrate failure is defined in this study to encompass both of these locations of failure, as well as larger-scale substrate failures (i.e. when attached to loose pebbles, abandoned barnacle tests, shell fragments, etc.). Occasionally, failure location was a combination of threads and substrate. For each of the 4 tenacity categories, a Kruskal-Wallis test was performed to evaluate the effect of failure location on tenacity (SigmaStat, Jandel A Sci., San Rafael, CA, USA). Data were subsequently pooled and 2-way ANOVAs were " + performed to evaluate the effects of species and position on tenacity and on byssal a + thread number.
Morphometry. Individuals of each species were collected from the study site in June 1993 and brought to the laboratory for morphometric analyses (n = 104 and 76 for Mytilus californianus and M. trossulus, respectively). Individuals were selected to span the size range observed in each specles' population and were not positioned deeply within the bed so that growth was constrained by a neighbor, but were othering tissue from the shell, oven drying at 100°C to constant weight (-3 d), then weighing to the nearest 0.01 g . Shell weight was determined in a similar fashion. The shell was then filled with modeling clay, sealed with a light coating of wax, and its volume determined according to Archimedes' principle.
Least-squares linear regressions were performed to establish various morphometric relationships for the 2 species. With the exception of shell dimension comparisons, data were log-transformed for linear regression analyses due to heteroscedasticlty. Thus for the allometric model y = ax", b is the slope for a linear regression on log-transformed data, while log(a) is the elevation. The elevation was corrected for log-transformation bias according to Sprugel (1983) . A t-test was performed to compare regression slopes between species for each morphometric relationship (Zar 1984) . When slopes were not found to differ, a common slope was computed a n d a t-test was performed to compare regression elevations. Mytilus californianus spanned a larger range in size (i.e. shell length, mussel weight, etc.) than M. trossulus, thus regressions were performed on a subset of data where the 2 species overlapped in shell size (length = 1.5 to 5.0 cm; n = 48 and 70 for M. californianus and M. trossulus, respectively).
Probability of dislodgment. Hydrodynamic forces on a solitary and bed mussel were modeled for each species to predict the probability of dislodgment d u e to wave action ( hesive plaque) using a n is defined by shell height and shell width for mussels in this characteristic oriMussel weight was determined by removentation. Note that A,, is more than twice A,, for mussels in these orientations assumed that hydrodynam~c forces act in the d~r e c t~o n of flow and are therefore due to the sum of drag and acceleratlonal forces (&l ,,g and F,,,,,, respectively; Gaylord et al. 1994) .
Drag is dependent on the square of water velocity (U, in m S-') and animal area (A,,, as projected in the direction of flow, in m'), while accelerational force is dependent on water acceleration (a, in m s -~) and animal volume (V, in m": p is the density of sea water (1024 kg m-3) and Cd and C, are the dimensionless coefficients of drag and inertia, respectively.
A solitary mussel was assumed to be oriented with ~t s long axis parallel to the plane of the substrate, but perpendicular to the direction of flow (i.e. broadside, a worst-case scenario). A,, was therefore calculated as the area of an ellipse with shell length and height as the major and minor axes, respectively. Shell height and width were calculated for a given shell length using the morphometric relationships established for each species, as described in the previous section. Shell volume was calculated from shell linear dimensions, again using morphometric relationships from this study. Water acceleration was assumed to be 20 times water velocity. Th.us a moderate wave with a water velocity of 5 m S-' had a corresponding water acceleration of 100 m S-' , while a more extreme wave, with a water velocity of 15 m S-', had a corresponding water acceleration of 300 m S-' This rough approximation is in general agreement with the few water acceleration measurements th.a.t have been made in the surf zone (Denny 1985 , Gaylord 1997 . Cd and C, , , for a mussel in this orientation were assumed to be 0.8 and 2.0, respectively (based on measurements for Mytilus californianus reported by Denny et al. 1985) .
A bed mussel was assumed to be subjected only to the hydrod.ynamic force of llft (F;,,,), acting perpendicular to the direction of flow (Denny 1987) . Like drag, lift is dependent on the square of water velocity and animal area:
where C, is the dimensionless coefficient of lift. The bed mussel was assumed to be oriented with its long axis perpendicular to the plane of the substrate. A,, was therefore calculated as the area of an ellipse with shell height and width as the major and minor axes, respectively. Shell height and width were determined for a glven shell length using the morphometric relationships established in this study. Cl for a mussel in this orientation was assumed to be 0.88 (Denny 1987) .
For each of the 4 categories (2 species X 2 positions), the variation in tenacity was described using a method similar to that of Games & Denny (1993) . Measurements were ranked in ascending order and the probability p of having a tenacity less than a mussel of rank j was estimated as:
where n is the total number of mussels sampled. A modified Weibull distribution was used to describe the probability p that a given tenacity was less than t ' :
where a, p, and E are model parameters. The Weibull model was iteratively fit to each data set w~t h a maximum likelihood criterion for the goodness of fit using SYSTAT (SYSTAT Inc., Evanston, IL).
The probability of dislodgment was modeled for a given applied water velocity, shell length, and mussel category (e.g. a solitary M y t~l u s trossulus) as follows. Shell height and width were calculated from shell length using the morphometric relationships established in this study. The applied hydrodynamic force was then calculated, using the applicable equation described above (Eq. 1 or 4 ) . This applied force was divided by shell planform area (to normalize to size, following the same convention as for the tenacity measurements) to yield the scaled hydrodynamic force, which was inserted as t' in Eq. ( 6 ) to provide the probability of dislodgment.
RESULTS

Mussel tenacity
When mussels were experimentally dislodged from the substrate, 4 locations of failure were observed: root, thread, substrate, and a conlbination of thread and substrate. Root failure occurred in 12 to 23% of the samples, and failure at the stem was never observed. In 3 of the 4 tenacity categories, the substrate was the dominant location of attachment failure (-60%; Table 1 ). Often a combination of events contributed to the substrate failures: adhesive plaques of byssal threads, loose pebbles, barnacle or mollusc shell, and weathered granite were all common points of weakest attachment. The exception to this generalization were bed Mytilus californianus, where the frequency of substrate failure was lower and thread failure was higher. Tenacity was generally size-independent. For 3 of the 4 test categories, tenacity was not dependent on shell length ( p = 0.25 to 0.76 for a t-test on the slope of a linear regression, data not shown). The one exceptional category was bed Mytilus trossulus, where tenacity decreased slightly with increasing shell length (p < 0.05). However, shell length explained < 5 % of the variation in tenacity in bed M. trossulus; thus it was assumed that tenacity (force per shell area) provided a reasonably size-independent measure of attachment strength and allowed for comparisons between categories.
Tenacity was not dependent on failure location for bed mussels of either species (Fig. 2) . For solitary mussels of both species, however, failure location significantly affected tenacity (l-way ANOVA, p < 0.01), due to the higher tenacity of root failures (SLudentNewman-Keuls multiple comparisons; p = 0.05). The tenacity of root failures was higher in solitary than in bed mussels for both species (t-tests, p < 0.001). When pooled for all failure locations, mussel tenacity was strongly dependent on both species and position ( Fig. 3 ; data square-root transformed for statistical analysis). The tenacity of Mytilus trossulus was 33 to 50% lower than M. californianus (p < 0.001), and the tenacity of bed mussels was 29 to 47 % lower than solitary mussels ( p < 0.001). The effects of species and position were interactive (p < 0.001), such that the increased tenacity of solitary mussels (compared to bed mussels) was more pronounced for M. californianus.
The number of threads produced by individual mussels was also significantly influenced by both species and position ( Fig. 4 ; statistical analysis performed on ranked data). The byssus of Mytilus trossulus had more threads than M. californianus (p 0.001), and solitary mussels produced more threads than bed mussels (p < 0.001). The interaction of species and position was not significant (p = 0.54). Note that reliable estimates of thread number were difficult to obtain for root failures because individual threads M. califomianus M. trossulus I were hard to locate and identify once separated from Probability of dislodgment the animal. Root failures were therefore omitted from the 2-way analysis.
The predicted scaled hydrodynamic force for a solitary mussel was approximately twice that for a bed mussel (Fig. 8) .
These estimates did not differ between Morphometry
The morphometric relationships for the 2 species are summarized in Table 2 . For shell dimensions, a linear regression on untransformed data provided a good fit (r2 = 0.93 to 0.99) and model slopes did not differ significantly between species (p > 0.35). Model elevations differed significantly between the 2 specles for height versus length (p i 0.001), but not for width versus length (p = 0.33). Thus, in comparison to Mytilus trossulus, the shell of M. californianus was on average the same width but 2.6 mm higher for a given shell length. The conversion of shell length X height X width to shell volume was the same for both species. Because these differences in shell morphology were fairly subtle, it was assumed that C , and C , were identical for the 2 species.
The remaining morphometric relationships required log-transformations for linear regression analysis due to heteroscedasticity (Table 2 ). The linear regression provided a good fit to the transformed data (r2 = 0.90 to 0.98, except for those involving thread diameter measurements, where r2 = 0.54 to 0.59). For all of these log-transformed relationships, slopes did not differ significantly between species (p > 0.17), but elevations differed significantly (p < 0.005). Scaled to A,,, Mytilus trossulus byssal threads were 4 5 % thinner than those of M. californianus (Fig 5) . Scaled to mussel weight, M. trossulus byssal threads were 30% thinner and shell volume was 42% larger than M. californianus (Figs. 6 & 7) . Despite the more voluminous shell, M. trossulus produced 15% less shell material (per mussel weight) than M, californianus (Table 2) . Morphometric scaling of shell volume with mussel dry weight species because of identical morphometnc scaling of shell length and width. Scaled hydrodynamic force was size-independent for a bed mussel, and only modestly size-dependent for a solitary mussel (increasing shell length from 5 to 15 cm increased scaled hydrodynamic force by -l l %, data not shown). The scaled hydrodynamic force was 1 to 3 X 104 N m-2 for low water velocities (<5 m S-'), and exceeded 10 and 20 X 10" mm-' for bed and solitary mussels, respectively, for higher water velocities (> 15 m S-').
The Weibull model provided good estimates of cumulative probability versus mussel tenacity (Table 3 ; r2 > 0.99 for all 4 categories). Combining these tenacity estimates with the above predictions of scaled hydrodynamic forces (Fig 91, the probability of mussel dislodgment for a given water velocity was influenced by both species and position. Dislodgment probability was always higher for Mytilus trossulus than M. californianus, and within species, was higher for solitary than bed mussels. For 1o.w water velocities (<5 m S-'), the probability of dislodgment was very low for all 4 cate- gories. For a 10 m S-' water velocity, the probability of dislodgment was low for bed M. californianus (0.02), but high for solitary M. trossulus (0.65). In general, M. californianus can withstand water velocities that are 3 to 5 m S-' higher than M. trossulus. Similarly, bed mussels can withstand water velocities that are 2 to 4 m S-' higher than solitary ones. Model predictions were not substantially affected by mussel size (shell length l to 15 cm, data not shown).
DISCUSSION
Mussel tenacity
The location of mechanical failure of experimentally dislodged mussels was most commonly the substrate. While many of these failures occurred in the adhesive plaque, it was not uncommon for failure to be due to friable rock, loose pebbles, or shell fragments. Substrate failure has also been noted as a common occurrence for experimentally dislodged acorn barnacles (Denny 1995) . Thus the granitic shore in this study ( -) or bed (---) mussel 5 cm in probability of dislodgment as a function of water velocity length. A,,!: shell planform area for solitary ( -) and bed mussels ( -
5 cm in length does not necessarily provide a secure substrate for the attachment of sessile organisms; weakened surfaces abound, a n d substrate stability appears to be highly variable at small spatial scales. One advantage of a byssus composed of many threads radiating outward (as opposed to one thick thread) is an increased substrate area that is 'sampled' by the byssus, thereby increasing the likelihood that a stable piece of substrate is encountered. Whether or not instability is a common feature of other marine substrates (i.e. shale, sandstone) remains an open question.
Bed Mytilus californianus were exceptional in that substrate failures were less frequent while thread failures were more frequent. This was probably d u e to the fact that the mussel bed from which these samples were taken was many layers thick; thus the individuals sampled were attached to other mussel shells and not to primary substrate (data not shown). In contrast, M. trossulus beds were a monolayer, so that while some threads were attached to neighboring mussels, most threads were attached to primary granitic substrate. The decreased frequency of substrate failure for bed M. californianus, a t the expense of increased thread failure, suggests that congener shell provides a more reliable site for attachment than the primary substrate. Increased attachment strength on mussel shell versus primary substrate has been proposed for other intertidal invertebrates as well (Lohse 1993) .
Failure at the root was observed in 12 to 23 % of the mussels experimentally dislodged from the substrate. While accurate measures of thread number were difficult to obtain for failures at this location, high thread numbers were often noted (>loo). The tenacity of root failures tended to b e higher than the other failure locations. These observations suggest that the strength of the root/byssus gland junction is generally greater than the summed strengths of individual threads. Presumably, root failure occurs only m the event that many threads are present. In this manner, the strength of the root/byssus gland junction appears to set a n upper limit to attachment strength In mussels. Note that for both species, solitary mussels had stronger junctions than bed ones, suggesting that the strength of this junction is under the active control of the mussel. Indeed, mussels have been observed to 'jettison' the byssus by releasing this junction under laboratory conditions (Brown 1952, authors' pers. obs.) .
Mussel tenacity varied among test categories due to the influences of species a n d position. Specifically. solitary mussels were more securely attached than those within a bed, and the tenacity of Mytilus californianus was higher than that of M. trossulus. As long as the strength of the root is not exceeded (which occurred in only -20 ' X of the samples), there are 3 mechanisms by which a mussel may increase its tenacity: (1) increasing thread number, (2) increasing thread thickness, and (3) increasing thread strength. Note that the first 2 mechanisms still apply in cases where substrate failures are common: the area of substrate that is sampled by a byssus increases with thread number and thread thickness [since thread thickness and adhesive plaque size are positively correlated (Bell unpubl. data) ]. The third mechanism, increasing thread strength, would likely not apply because the strength of the substrate itself determines attachment strength. The first of these mechanisms, byssal thread number, accounts for much of the observed variation in tenacity in solitary versus bed mussels. For both species, the reduction in tenacity of bed mussels was mirrored by a similar reduction in thread number (Figs. 3 & 4 ) . Thread number was also dependent upon species, with Mytilus trossulus producing more threads than M. californianus. However, this species-difference does not account for the observed variation in tenacity between species: despite a byssus with fewer threads, M. californian~~s had a stronger attachment than M. trossulus. Thus thread number is a likely mechanism by which position, but not species, can influence mussel tenacity.
Bell & Gosline (1996) have detailed differences in the mechanical properties of the byssal threads of these 2 species, where the initially stiffer and ultimately more extensible threads of Mytilus californianus increase overall attachment strength by 8 to 17 %. However, this difference in material properties is too small to account for the difference in tenacity between species observed in this study (33 to 50%). Further, thread strength is a n unlikely mechanism to explain speciesdifferences, since failure most often occurred at the substrate. Instead, the primary mechanism involved is a morphometric difference in thread thickness between the 2 species: for a given A,, (which is the conventional scaling term for tenacity in this study), M. trossulus threads are 45 % thinner than those of M. californianus. This corresponds to a 70% reduction in individual thread cross-sectional area. M , tro,ssulus does produce slightly more byssal threads, but not enough to overcome the large difference in thread cross-sectional area between the 2 species. The net result is a reduction in the total area over which a load is distributed and a concomitant reduction in tenacity for M. trossulus.
Overall, this study suggests that the primary mechanisms affecting mussel tenacity are (1) increased thread number and (2) increased thread thickness; the former accounts for the influence of position on tenacity, while the latter accounts for the influence of species.
Morphometry
From the above discussion, one important morphometric difference between Mytilus trossulus and A4. californianus is in the scaling of byssal thread diameter with shell planforin area. When morphometric measurements are instead scaled to mussel dry weight, it can be seen that the difference in thread diameter versus Apl is the result of 2 morphological differences between the 2 species: for a given mussel weight, M. trossulus produced thinner byssal threads and a more voluminous shell than M , californianus. Note that there was a significant, but relatively small, difference in the amount of shell produced for a given mussel weight ( M trossulus produced 15% less shell mass than M. californianus). Thus these 2 species appear to allocate similar proportions of their total energy budget to shell production. Where these 2 species differ, however, is in the size of the shell that they produce for a given mussel weight: shells of M. trossulus were 42% more voluminous than M. californianus. The hydrodynamic consequences of these morphoinetric differences will be discussed below. Note that M. trossulus shells were also relatively thinner (interior-exterior), since slightly less shell material was distributed over a larger shell size, and may therefore be more susceptible to drilling by gastropods or crushing by crabs or other n~ussels (Harger 1971 , Palmer 1992 .
Probability of dislodgment
Scaled to mussel dry weight, Mytilus trossulus produces relatively thinner byssal threads (reducing its tenacity) and a larger shell (increasing its hydrodynamic loading). The combination of these morphometric differences has the important consequence of increasing the probability of dislodgment of M. tl-OSsulus relative to M. californianus. The magnitude of this difference is substantial: relative to M. californianus, equivalent probabilities of dislodgment for M. trossulus occur at water velocities that are 3 to 5 m S-' lower. Particularly for solitary n~ussels, the survival of M. trossulus is predicted to be very low on waveexposed coasts, where water velocities commonly exceed 10 m S-'.
The predicted probabilities of dislodgment are essentially size-independent because of the relatively small contribution of accelerational forces to the total in-line force (~3 0 % for water velocities >8 m S-') over the size range of mussels commonly observed. Because Mytilus californianus has a lower probability of dislodgment, it is inore likely to live longer and grow larger than M. trossulus. This hydrodynamically based prediction is consistent with the observation that M.
caljfornianus is a larger, longer-lived, superior competitor for space than the smaller, faster-growing, fugitive M. trossulus (Suchanek 1981, as M. edulis) . In addition to small size and the lack of predatordeterring mechanisms (Suchanek 1981) , the reduced investment in attachment strength of M. trossulus relative to its hydrodynamic loading can be considered yet another means by which this species channels energy into rapid growth and reproductive effort.
In comparison to solitary mussels, bed mussels of both species had lower probabilities of dislodgment despite a lower relative tenacity. This is due to the larger magnitude of the scaled hydrodynamic force for solitary versus bed mussels. Because of the small contribution of accelerational forces, the difference between solitary and bed mussels is that the former experiences primarily drag, while the latter experiences primarily hft. The equations defining these forces are essentially identical (Cd and C, are comparable), except for differences in the area over which a force acts. The relevant area for a solitary nlussel, A,,, is 2.5-fold higher than that for a bed mussel, A,,. Consequently, a solitary mussel experiences over twice the hydrodynamic force of a bed mussel for a given velocity. For both species, however, the increased tenacity of a solitary mussel is not sufficient to counteract this higher hydrodynamic loading and solitary mussels consequently have higher probabilities of dislodgment than bed mussels for a given water velocity. Note that A,,/Ap1 equals shell length/width and is identical for the 2 species in this commongarden study (Table 2) . However, shell l e n g t h h i d t h has been shown to be highly plastic in Mytilus edulis (due to a number of factors, Seed 1968) , which could have a modest effect on the magnitude of the flow forces a mussel encounters. Morphometric differences between bed and solitary mussels were not readily apparent for the species in this study (authors' pers. obs.).
Because of reduced hydrodynamic loading, bed mussels have less stringent requirements for attachment strength. The metabolic cost of byssus production can be substantial, forming up to 8% of a mussel's total energy expenditure (Hawkins & Bayne 1985) . Mussels are typically found in beds, and such aggregative behavior may therefore be a means by which energy may be channeled away from the formation of byssus and into growth and reproduction. However, this potential advantage must be weighed with numerous other affects of aggregation, such as reduced feeding efficiency and growth (e.g. Okamura 1986 , Frechette et al. 1989 , O'Riordan e t al. 1993 , Butman et al. 1994 , attraction of predators (Robles et al. 1995) , increased juvenile survival in protected interstices (e.g. Bertness & Grosholz 1985) , and increased fertilization success (e.g. Denny & Shibata 1989 , Levitan 1991 .
Hydrodynamic forces were modeled for a solitary mussel oriented broadside, with its long axis perpendicular to the direction of flow. If a mussel were lnstead oriented with its long axis parallel to flow (i.e. end-on], drag would be generated over a smaller A,,, reducing hydrodynamic loading and probability of dislodgment . Mussels have been observed to orient actively end-on to flow in the laboratory (Dolmer Pc Svane 1994), but in the field this behavior can be beneficial only in microhabitats where flow direction is predictable, such as in surge channels. For the majority of the wave-swept rocky intertidal zone, complex topography renders even the most simple, orderly waves into chaotic flows once they break at the shore. Consequently, the direction of maximum flow is highly unpredictable (Denny 1985) . Since it is the maximal forces that have the greatest influence on dislodgment, only the worstcase scenarlo of a broadside orientation was modeled for a solitary mussel. Note that lift acts pe,rpendicular to flow and is more predictably oriented. By orienting their long axis normal to the substrate, bed mussels are predictably able to present a small area over which hydrodynamic forces are generated.
In this study, tenacity was measured by loading a mussel normal to the substrate. This is the same direction as lift and therefore provides an appropriate measure of tenacity for bed mussels, but not for solitary mussels, which are loaded parallel to the substrate. Bell & Gosline (1996) have modeled the atta.chment strength of a byssus with uniformly distributed, radially arranged threads and predict that the tenacity measured parallel to the substrate is 53 to 57 % of that measured normal to substrate. This prediction remains to be verified with field measurements, but if true, such a correction of tenacity measurements for directionality would further increase the predicted probability of dislodgment for solitary mussels of both species.
For water velocities that are typlcal of cvaveexposed shores during winter storms ( > l 5 m S-'), the model predictions of dislodgment probability are quite high, ranging 40 to 100% for the 4 categories. However, this model was based on tenacity measurements made in the summer, when heavy wave action is rare, and on a moderately exposed shore. Mussel tenacity has been shown to vary seasonally, presumably in response to increased wave action (Price 1980 (Price , 1982 . Similarly, the tenacity of Mytilus trossulus is higher in wave-exposed habitats than in sheltered habitats (Witman & Suchanek 1984, as M. edulis) . It is not clear how such increased tenacity is achieved, but one likely mechanism is through increased thread number, in the same manner in which solitary mussels, which are exposed to higher hydrodynamic loading, increase their tenac~ty relative to bed mussels. Inasmuch as mussels are able to sense increased wave action (either seasonally or geographically) and respond with increased tenacity, the probability of dislodgment would shift to lower values than presently predicted.
The model presented in this study focuses on the extremes of mussel position, either solitary or within a densely packed bed. Mussels on the fringe of a bed are likely intermediately exposed to higher, more solitarylike, hydrodynamic forces than those well within a bed. Indeed, mussel tenacity is higher at the edge of a bed than within a bed (Witman & Suchanek 1984) , perhaps in response to increased hydrodynamic loading. It is unknown whether this increased tenacity keeps pace with the increased loadlng and how the probability of dislodgment is affected. The cost to a mussel on the fringe, however, is an increased allocation of energy to attachment strength.
Despite the low probability of dislodgment, bed mussels are occasionally dislodged, either due to lift alone or to the increased drag-induced loading caused by algal epibionts (Paine & Levin 1981 , Witman & Suchanek 1984 , Denny 1987 , 1995 , Witman 1987 . The result is the formation of a small gap in the bed that is outlined by weakly attached, formerly 'bed' mussels that (depending on the size of the gap) are suddenly exposed to higher, more solitary-like hydrodynamic forces. Unless these mussels can rapidly increase their tenacity before the arrival of additional large waves, they too will be dislodged and, as proposed by Denny (1987) , a chain-reaction of dislodgment can occur. In this manner, a considerable amount of patch formation can result with the initial removal of an individual mussel from a bed.
Overall, this study demonstrates 2 strategies for mussels to increase survivorship in the surf zone. Increased byssal thread thickness and reduced shell size increase tenacity and decrease hydrodynamic loading, respectively, and have the net effect of decreasing the risk of dislodgment by wave action. In addition, mussels can aggregate into a dense bed, which has the effect of reducing hydrodynamic loading and provides less stringent requirements for attachment strength. Mytilus californianus has adopted both of these strategies, which may contribute to its competitive dominance on the most extreme of waveexposed shores.
